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SUMMARY

Unsteady aerodynamic pressures were measured on the surface of a rotating
Prop-Fan blade in an experiment performed by Hamilton Standard Division of
United Technologies Corporation, under contract to NASA-Lewis Research
Center, at the S]-MA wind tunnel facility operated by the office National
D'Etudes et de Recherches Aerospatiale (ONERA) in Modane, France.

The objectives of the experiment were to measure the periodic variations
of blade surface pressure resulting from two non-uniform inflow conditions:
first, inflow at a three degree angle to the Prop-Fan axis of rotation, and
second, inflow with a wake generated by a cylinder mounted upstream of the
rotor.

In addition, unsteady pressures were measured under uniform inflow
conditions to determine background response levels. The range of Prop-Fan
operating conditions included inflow Mach numbers from 0.02 to 0.70. For
most of the inflow Mach numbers, more than one power coefficient and/or
advance ratio was investigated.

Due to Facility power ]imitations the Prop-Fan test installation was a
two bladed version of the eight bladed design configuration. The power
coefficient range investigated was therefore selected to cover typical power
loading per blade conditions which occur within the Prop-Fan operating
envelope.

This report provides unsteady blade surface pressure data for the LAP
Prop-Fan blade operation with angular inflow, wake inflow and uniform flow
over a range of inflow Mach numbers of 0.02 to 0.70. The data are presented
as Fourier coefficients for the first 35 harmonics of shaft rotational
frequency. Also presented is a brief discussion of the unsteady blade
response observed at takeoff and cruise conditions with angular and wake
inflow.
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INTRODUCFION

Prop-Fans are high cruise speed, single or counter rotation, highly

loaded, variable pitch advanced turboprops designed to operate at high cruise

speeds. Prop-Fan blades incorporate thin airfoils with sweep and are

integrated with a spinner and nacelle shaped to reduce axial Math number

through the rotor. This configuration minimizes compressibility losses and
results in higher propulsive efficiency than is achievable by high bypass
ratio turbofans.

Since 1974 NASA-sponsored Prop-Fan research at Hamilton Standard has

proceeded through a series of wind tunnel studies of model Prop-Fans, to the

current Large Scale Advanced Prop-Fan (LAP) program and then to the follow-on

Prop-Fan Test Assessment (PTA) flight test program.

Over the last several years it has become increasingly evident that

detailed measurements of the aerodynamic characteristics of Prop-Fan blades

are required to understand the specific nature of Prop-Fan blade flows. Such

flows are complicated, containing features such as three dimensional boundary

layer effects, leading and tip edge vortices, and shock waves. They are

therefore not easily predicted. However, an understanding of the specific

nature of Prop-Fan blade flows is vital to the process of refining design

methodologies and to improving the performance of new Prop-Fan designs.

The need for measured Prop-Fan blade aerodynamic data has prompted NASA

and Hamilton Standard to pursue a program of wind tunnel experiments where

both steady and unsteady blade surface pressure measurements would be made.

Reporting of the steady pressure experiment has been done in Reference I.

The analysis of the unsteady blade surface pressure testing that was carried

out under the program in March of 1987 is reported here. Experimental

methods, measured data, and some preliminary comments on observed aerodynamic
features are discussed.



SR-7L PROP-FAN DESCRIPTION

The SR-7L Large Scale Advanced Prop-Fan, illustrated in Figure I, is a
2.74 meter (9 foot) diameter, eight bladed tractor configuration which was
designed for 0.85 Mach number cruise speed at an altitude of 10,667 meters
(35,000 feet), ISA. The SR-TL Prop-Fan was designed for high efficiency and
low noise while maintaining the necessary restrictions on blade stress,
stability and frequency characteristics. Additional fundamental design point
parameters are:

Disc loading (Powerldiameter _)
Tip speed
Advance ratio
Power coefficient
Activity factor per blade
Integrated design lift coeff.

259.6 kW/m _
243.8 m/s
3.06
1.448
227.3
0.191

(32 shp/ft _)
(800 ftls)

Rotation of the Prop-Fan is counterclockwise as viewed from the rear
looking forward. The hub to tip ratio is 0.24, and the blades incorporate
NACA Series 65/CA airfoils from the root to the 36% radius and NACA Series 16

airfoils from the 52% radius to the tip, with "transition" airfoils in the
remaining, middle, portion of the blade. The blade's mid-chord line sweeps
back to a maximum of 36 ° at the tip station. Additional information on the
SR-TL Prop-Fan design can be found in Reference 2.

TEST FAC_ILITIES AND_EXPE_RIMENTAL AppA_RATUS

Wind Tunnel

The blade unsteady surface pressure test was conducted in the 47 m'
(506 ft') atmospheric test section of the ONERA SI-MA wind tunnel in
Modane, France.

Prop-Fan drive power was supplied by two gas turbine engines which were
located approximately 5 meters (16.4 feet) downstream of the rotor plane.
The power [I000 kW (1341 hp), maximum] was transmitted to the rotor through a
series of mechanical couplings.

Diagrams of the wind tunnel and the test section with the uniform inflow
Prop-Fan installation are shown in Figure 2. Note that the wind tunnel test
section is unsymmetrical and the tunnel and Prop-Fan axes were not coincident.

The wind tunnel stagnation conditions were measured in a settling chamber
located upstream of the test section. The tunnel static pressure was
measured on the wall of the test section in the Prop-Fan plane of rotation
and was corrected according to flow survey data to provide the upstream
static pressure for undisturbed inflow. The flow survey data were acquired,
during testing for Hamilton Standard in 1986, by probing the flow field
pressures parallel to the Prop-Fan axis and then subtracting theoretical body
flow field effects.



Nith the tunnel static pressure and stagnation conditions known, the
inflow Machnumberand static temperature were determined from the one
dimensional compressible flow functions.

Pr_Ol_-Fa__T_9st In sta I Ia tion

The Prop-Fan was operated in a two bladed configuration as shown in

Figure 3. This configuration was necessitated by limitations in power

available from the drive engines. By running the system with two blades,

full and over design power loading conditions were attainable on a per blade

basis for inflow Mach numbers through 0.50.

The three test configurations as installed in the wind tunnel are shown
in Figure 4. The Prop-Fan support apparatus consisted of a cable and rod
system which was designed and tested to assure adequate system damping and
structural integrity. It should be noted that the Prop-Fan was "pitched up"
by 3 degrees during the angular inflow testing.

Prop-Fan drive power and blade angle were remotely controlled by test
personnel in a room adjacent to the wind tunnel test section. Blade angle
measurements were made using a potentiometer system.

Wake Generator Post

The cylindrical wake generator post was used to produce a narrow inflow
disturbance which the instrumented blade would experience twice per
revolution. The post was 0.I02 m (4.00 in) in diameter and was mounted
vertically on the Prop-Fan center-line at a distance of one rotor radius
upstream of the rotor plane.

The range of Reynolds numbers (based on cylinder diameter) was
2.2 X 104 to 1.5 X IO n for inflow Mach numbers from O.Ol to 0.70; note
that this range covers the regime where Karman vortex streets occur
(50 < Re < 4 X I0 ") and where turbulent separation occurs (Re > 4 X I0 _)
as defined in Reference 3.

Instrumented Blade

Collection of the blade surface unsteady pressure data was accomplished
with the instrumented SR-7L blade shown in Figure 5. The blade was
configured with two radial stations of pressure transducers on both pressure
and suction sides. The locations and labeling scheme for the transducers are
shown in Figure 6.

The blade was fabricated with a 0.89 mm (0.035 in) thick plastic skin

layer on each side. The purpose of the skin was to provide room for flush

mounting the transducers and routing the lead wires along the blade surfaces

without disrupting the blade internal structure and also maintaining a smooth

blade surface. Cross sectional and plan views of the transducer and lead

wire installations in the plastic skin are shown in Figure 7.



Utilization off the skin cladding approach described above resulted in an
increase in blade thickness of 1.78 +0.25 mm (0.070 +0.010 in) from the

design thickness. This amounts to a 10.4 _1.5_ increase in the airfoil
section thickness ratio (mid chord thickness/chord) at the inboard radial
station and a 27.6 +3.9% increase at the outboard radial station. A leading
edge fiberglass wrap which was used to lock the plastic skins in place
resulted in a 0.76 +0.18 mm (0.030 +0.007 in) increase in the leading edge
radii. The transition from the leading edge radii to the airfoil surfaces
was smooth.

Pressure Transducers and Instrumentation

A general schematic of the LAP instrumentation system can be seen in
Figure 8. The LAP dynamic pressure blade was instrumented with twenty-six
pressure transducers and four strain gages. Signal conditioning and strain
gage bridge completion were provided by a printed circuit board located in
the cuff of the blade. Programmable connector sockets were used as an
interface between the signal conditioning boards and the rotating interface
board (RIB).

As shown in Figure 8, the RIB board provided signal and power
interconnection between components of the rotating system. All signals from
the programmable connector were routed through the RIB board to the VCO
cases. Each VCO case contained 16 VCO's (IR[G channels 1A-16A) and a line

driver/mixing amplifier. The output of each VCO case was a 16 channel FM
frequency multiplexed signal which was transmitted to the non-rotating
instrumentation via a pair of slip rings. This system, therefore, could
handle up to 32 active channels. The typical measurement uncertainty of the
system was less than +5 percent.

The LAP dynamic pressure blade was instrumented with 26 (13 on each side)
Endevco model 8515A 15SM2 pressure transducers. (See Figure 9.) These were
sealed gages with a pressure range of +69 KPa (+10 psi). Resistor R1 (l,O00
OHM) provided improved temperature compensation and an attenuation resistor
R2 (500 OHM) reduced transducer output. Elastomer mounting was used to
isolate the transducer from the blade to reduce base strain sensitivity.

The signal conditioning board, mounted in the cuff of the dynamic pressure
blade, provided three functions: l) Pressure transducer to instrumentation
interface, 2) Strain gage bridge completion (not shown in Figure 9), and
3) Shunt CAL for each strain gage bridge (not shown in Figure 9).

The unsteady pressure instrumentation utilized two identical voltage
controlled oscillator (VCO) cases each containing 16 VCO's and matching
preamplifiers and one mixing amplifier/line driver. Each VCO consisted of
both a preamplifier (Low Level Amplifier) and VCO module which were matched
in pairs. The preamplifiers had a standard fixed gain of 250 +2% to
accommodate conditioned pressure and strain gage signals. The VCO subcarrier
frequencies were all standard IRIG A constant bandwidth (CBW) channels
(1A-16A) with a deviation of +2 KHz. All 16 VCO outputs in each case were
mixed into a single 16 channel- frequency multiplexed signal.



A rotating power supply provided +5 VDC excitation for the pressure
transducers and strain gages and supplied the 25.5 VDC power required for the
rotating electronics. It derived its power through slip rings from the
primary power supply located on the non-rotating side. The primary power
supply output voltage could be set by the user at one of three levels. This
level was sensed by the rotating power supply and forced into one of three
possible modes - the USE, FULL SCALE STANDARDIZE (for strain gages only) or
the ZERO mode. This feature allowed the transmission of the standardizing
commands to the rotating electronics using a minimum number of slip-rings.

The LAP instrumentation slip ring was an eight-ring platter-type assembly
which provided the electrical interface for the propeller measurements
between the rotating propeller assembly and the non-rotating propeller
control. Five of the eight rings were used for the dynamic pressure
instrumentation as shown in Figure 9.

Each of the two detranslators accepted a 16 channel VCO case output. The
detranslator, utilizing a filtering and heterodyning process, converted the
multiplex signal into four groups with four subcarriers each. These
subcarriers were IRIG channels IA, 2A, 3A and 4A in all cases. A total of

eight multiplex groups originated at the detranslators and were recorded
directly on tape.

6



TESTPROCEDUREANDOPERATINGCONDITIONS

The ranges of operating conditions that were run for the three test
installations are given in Table 1. The table is ordered by increasing Mach
numberand subordered by increasing power coefficient. The point numbers,
given at the left in the table, refer to the operating condition numbers
specified in the test plan (Reference 4). The measurementuncertainties for
the operating parameters are indicated by the + signs. Additional data
containing tunnel operating parameters can be found in Appendix D.

The basic format of the experiment follows Table 1; the 3° angular inflow
case was run first followed by the wake and uniform inflow cases. For each
of the cases the Prop-Fan was stepped through the test points and data were
acquired during a 2 to 3 minute hold at each point.

In general, the procedure for setting a specific test point was to set
inflow Machnumberand then adjust the rotor speed and blade angle, to obtain
a desired power coefficient. This procedure assured good power coefficient
matches for the three test installatlons and resulted in minimal variation of
Mach number and advance ratio.

TeSt points 2, 3 and 4 in Table 1 approximate static propeller conditions
of increasing power, and test points 5, 5A, 5B and 6 were selected to
investigate takeoff conditions. The three runs at 0.50 inflow Mach number
cover a wide range of power loading conditions and include a case at the
design cruise power coefficient per blade. Points 10 and 11 were run only
for the angular inflow testing since it was determined that the pressure
transducers were too susceptible to damage at high inflow speeds.



DATAREDUCTION

_gYrie.r AnaIzsj s

The objective of the data reduction process was to express the periodic
pressure signals (relative to blade surface static pressure) in Fourier
coefficient form. This allowed the data to be presented as a compact
tabulation of signal harmonics of blade rotational frequency, from which one

may reconstruct the original pressure waveforms with resolution corresponding
to the number of harmonics given.

Prior to analysis, a particular data signal was low-pass filtered at I000

Hz to eliminate high frequency noise (the limit of the data aquisition system

was lO00 Hz, so no loss of data occurred during this process).

The Fourier coefficients were obtained by using the once-per-revolution
pip signal to divide the continuous pressure signals into a series of 1024
waveforms, each with period corresponding to one revolution of the rotor. A
digital Fourier transform analyzer was then used to obtain the first 35
Fourier coefficients of each waveform. Average values of the coefficients
were then determined from the 1024 waveforms sampled.

Definitions of the Fourier coefficients, determined in this way, are"

al, -

I L I N

- _ p(n,_) cos(2_knlN)
L q=l N n=]

(I)

bk --

l L l N

Z - _ p(n,_) sin(2_kn/N)
L .#=I N n=l

(2)

where

and

k = 1,2 .... ,K

n = 1,2 .... ,N

= 1,2 .... ,L

(K=35) is the harmonic of blade rotational frequency

(N) is the sample index,

(L=I024) is the revolution number,

p(n,#) is the unsteady pressure (relative to the mean blade

surface pressure) for sample n in revolution _.



The Fourier representation of the average waveform may then be obtained
as a function of blade azimuth angle e, by

P(O) =
K

k=l
akcos(ek) + b_sin(ek) (3)

The amplitude of the k TM harmonic is (ak _ + b_) ''_

In Equation 3, O = 0 ° corresponds to the angular position of the once
per revolution pip signal (116 ° before top-dead-center). P]ots, which are
discussed later in the report are given such that 0 ° corresponds to
top-dead-center.

Correction for Non-uniformities in the Tunnel Flow

Upon review of the data, reduced as described above, some small (but

significant) unsteady pressure response was found in the nominally uniform

inflow data. This response was primarily of the first harmonic order, but

some higher order response was exhibited as we11. It is believed that the

principal cause of this response was residual flow angularity resulting from

the tunnel section asymmetry mentioned above.

In order to correct the angular and wake inflow spectra for residual flow

angularity, the Fourier coefficients from each transducer and run number for

the angular and wake inflow data were modified by subtracting the components

from the corresponding uniform inflow case. That is,

a_(i,j)corrected = a,(i,j)angular - a,(i,j)uniform
angular or wake
or wake

(4)

where k = 1,2,...,35 and i and j are the pressure transducer and, run

numbers, respectively. The corresponding corrections were also made to
the b_'s.

This correction was applied to every case for which corresponding uniform

inflow data was available. Table 2 shows the status of the data; angular and

wake inflow data signals marked "X" have been corrected; signals marked "*"
were not corrected.



RESULTS AND DISCUSSION

Format of Data Presented

The uniform flow, angular flow, and wake data tabulations can be found in
Appendices A through C, respectively. The data in each appendix are ordered
in the same way as previously explained for Tables l and 2. Each page
contains the data in terms of a_, bK and the corresponding component
amplitudes. Also included are the wind tunnel/Prop-Fan operating conditions
and the location of a given pressure transducer on the blade.

General Information About the Data

Throughout the testing some of the pressure transducers were inoperable
due to intermittent signals in the system instrumentation. This left some
gaps in the data. However, the existing data are adequate to provide an
understanding of unsteady blade surface pressure behavior. The appendices
include only data from functioning transducers.

Signal levels for the low power and the low speed conditions were quite

low and noise contamination was observed in some of the signals. The random

part of the noise was reduced by averaging the signals over 1024
revolutions. This enhances the repetitive portion of the signal while

suppressing the random part. However, in some instances the noise occurred
at harmonics of the blade's rotational frequency. In these cases the noise

was not averaged out and is included in the Fourier coefficients presented in

the tables.

Data Rep[esentatign - kaveform_V#rsus Fog.T!e2 _onents

Data are represented as complex Fourier coefficients for 35 harmonics of

rotational frequency. To determine how we]] 35 harmonics represent the
measured waveform, an inverse transform was performed for both a

representative angular inflow condition and a wake condition. Shown in

Figure I0 is a comparison of the measured and re-computed waveforms of the

angular inflow and wake conditions. It can be seen that, for the angular
inflow condition, 35 harmonics adequately represent the waveform. In the

wake inflow case, it can be seen that the waveform is generally represented

well with 35 harmonics. However, the sharp peaks of the re-computed waveforms

are sIight]y lower in amplitude than those of the measured waveforms. This
indicates that smal] amounts of additiona] upper harmonic content are present.

The Fourier analysis of the data appears to provide some low-pass

filtering of the data. However, it should be emphasized that the
instrumentation limitations of the data acquisition system was I000 Hz which

is approximately equal to the frequency represented by 35 harmonics of

rotational frequency.
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Waveformand Spectrum Examples

To provide an illustration of the data collected during the test in
waveform and spectrum content, examples are given in Figure 11 that show
periodic variations in pressure and corresponding Frequency spectra. The
operating point shown is representative of the Prop-Fan takeoff condition
b]ade surface pressures on the suction side of the b]ade at approximately
mid-chord and 90% blade radius.

The pressure versus time plots shows the average variation in pressure
the b]ade experienced on a circumferential basis during 1024 revolutions.
This tends to average out the non-repetitive portion of the waveform. The
spectra shown were obtained by Fourier transforming the signal with a 4.8
second averaging time. The frequency bandwidth for these spectra is 1.25 Hz.

Discussion of Representat!ve Data

The data selected for discussion are representative of cruise and takeoff
conditions. The conditions chosen are as follows"

TUNNEL ADVANCE PONER

CONDITION TEST MACH NO. RATIO COEFF. INFLOW

REPRESENTED RUN POINT M,. O __Cp_ COND!TIQN

CRUISE 38 8 0.500 3.064 0.360 UNIFORM
CRUISE I0 8 0.501 3.065 0.363 ANGULAR
CRUISE 29 8 0.500 3.063 0.361 WAKE
TAKEOFF 8 6 0.199 0.881 0.251 ANGULAR
TAKEOFF 25 6 0.199 0.880 0.250 WAKE

It should be noted that although M_ is not equal to the 0.8 M= of
the design cruise condition, the advance ratio (J) and power coefficient (Cp)
on a per blade basis equal the cruise values so that the non-dimensional
loading and flow angles are approximately preserved.

An example of the unsteady blade response in uniform flow can be seen in
Figure 12. The point shown is approximately at mid-chord of the outboard
radial station (r/R = 0.91) on the suction (or camber) side of the blade. It

can be seen that the pressure is reasonably uniform, with only minor
variations. The uniform pressure indicates that the inflow is reasonably
uniform in the tunnel. This is typical of the magnitude of the
"non-uniformity" in the uniform flow data at other pressure transducers.

The wake and angular inflow data are presented in Figures 13 through 28.
Each of the figures present the data on one side of the blade (suction or
pressure) at one radial station (r/R = 0.64 or r/R = 0.91). Each figure
shows how the blade surface pressure varies as a function of azimuth and
chordwise location. The first waveform shown on each figure is the operating
transducer closest to the leading edge with subsequent waveforms representing
pressure response progressing toward the trailing edge. In all cases the
waveforms are those computed from the 35 Fourier coefficients.
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In Figure 13 the waveforms are shown on the pressure side of the blade at
r/R = 0.64 for an angular inflow cruise condition. The sinusoidal response
is typical of that expected for propellers operating at angle of attack. It
can be seen that the blade has the largest response slightly downstream from
the leading edge and has progressively less response toward the trailing
edge. The once-per-revolution response is clearly evident. Shown in Figure
14 are the pressure waveforms for the suction (camber) side of the blade at
r/R = 0.64. It can be seen that response on the suction side is similar to
that on the pressure side with the exception of the point closest to the
leading edge. At the x/c = .049 location there appears to be some additional
response around 45 and 180 degrees. The cause of this is not known at this
time. Shown in Figures 15 and 16 are the blade pressures for the pressure
and suction sides at F/R = 0.91. It can be seen that results at this radial
station are similar to those observed at the 0.64 r/R radial locations.

Figures 17 and 18 present cruise condition wake inflow comparisons on the

pressure and suction blade sides at F/R = 0.64. The wake is fairly broad but

can clearly be seen to occur twice-per-revolution at 0 and 180 degrees. In

Figures 19 and 20 (r/R = 0.91) the wake cannot be seen as clearly at 0 and

180 degrees. Some additiona} response can be seen at other azimuth locations

that are equal to or greater than the magnitude of the wake response.

Figures 2l and 22 show results at takeoff conditions with angular inflow

on the pressure and suction sides of the blades at F/R = 0.64. It can be

seen that very little response occurs on the pressure side of the blade. On

the suction side of the blade the response is non-sinusoidal. This may be

indicative of non-linear response and could be due to a leading-edge vortex

that is just beginning to form at this location. (The r/R = 0.64 location is
just past the "Knee" of the blade where the blade starts to sweep back.) The

leading edge vortex phenomenon has been observed in high power cases as

reported in Reference I. At the tip location (F/R = 0.91) a similar

phenomenon appears to occur as shown in Figures 23 and 24. The pressure side

of the blade shows sinusoidal response across the blade chord. However, on

the suction side of the blade, non-linear response is present.

Shown in Figures 25 through 28 are the waveforms seen at at takeoff
condition with a wake inflow at F/R = 0.64 and F/R = 0.91 on the blade

pressure and suction surfaces. It can been seen at both radial stations that
the pressure side of the blade has little response to the incoming wake.

However, the suction side of the blade responds more strongly. The increased

response may be due to the motion of leading edge and tip vortices on the

suction surface caused by periodic angle-of-attack variations.

12



CONCLUSIONS

Unsteady blade surface pressure data were successfully collected over the
following range of conditions"

Angular Inflow (3 ° ) O.O2 < M_ < 0.70
Wake Inflow 0.03 < M_ < 0.50
Uniform Inflow (0 °) 0.02 < M_ < 0.50

Presenting the data in Fourier coefficient form for the first 35
harmonics of rotational frequency provided a good representation of the
data in a compact tabular form. This technique allowed the small
non-uniformities of the tunnel to be "corrected out" of the angular and
wake inflow data.

The uniform inflow data shows some traces of distortion. This is
probably due to tunnel asymmetry.

Unsteady pressure response is evident in the angular inflow and wake data.
The angu]ar inflow data clearly shows a dominant once-per-revolution
response while the wake data shows response twice-per-revolution as the
instrumented blade passes the wake generating post.

Sinusoidal response was observed on the pressure (face) side of the blade
in all cases examined for angular inflow conditions.

Sinusoida] response was observed on the suction (camber) side of the
blade under low loading conditions. However, under high loading
conditions a non-sinusoidal response was observed. The non-sinusoidal
response m_y be due to leading edge and tip vortices that distort the
response. Another possibility is the formation and breakdown of the
vortices as the angular inflow or wake inflow modulates the
angle-of-attack.

13



aK

bK

C

CBN

C_

FM

hp

i

J

J

K

KPa

KN

LE

m

M_

Mr

n

P(n ,#)

PSl

PT

T

R

SYMBOLS AND ABBREVIATIONS

Real part of Fourier coefficient of "K _''' harmonic

Imaginary part of Fourier coefficient of "K in'' harmonic

Blade chord

Constant Bandwidth

Power coefficient = (Power absorbed)/p(2_Q):_(2R) _

Frequency modulation

Horse power

Pressure transducer number

Point number

Advance ratio _M×/M,

Harmonic of blade rotational frequency

Kilo Pascals

Kilowatts

Revolution number

Leading edge

Meters

Inflow Mach number

Tip Mach number

Sample index number

Unsteady pressure for sample n in revolution

Pressure (Ib/inch')

Pressure Transducer

Radial distance from hub center-line

Rotor radius
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Re

RIB

TE

VCO

VDC

X/C

B

P

SYMBOLS AND ABBREVIATIONS (Continued)

Reynolds number

Rotating interface board

Trailing edge

Voltage controlled oscillator

Voltage (direct current)

Non-dimensional blade chord (distance from LE)

Blade angle at r = 104.1 cm (degrees)

Rotor speed, radians/second

Air density Kg/m/_ (Ib/ft')
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Tabla_l

O_ermdzln__Cond± _iona_[er_ _/_n_!az_Infle_

Point Mach Advance Power Blade

Number Number M Ratio J coeff CP An_!e 8

2

3

4

5

5A

5B

6

9

8

7

10

11

0.017 ±0.013

0.026 ±0.013

0.030 ±0.013

0.107 ±0.076

0.159 ±0.079

0.186 ±0.079

0.096 ±0.001

0.155 ±0.001

0.204 ±0.001

14.9 i0.5 o

19.1 ±0.5 °

22.1 ±0.5 °

0.200 ±0.003

0.200 ±O.0O3

0.200 ±0.0O3

0.199 ±0.003

0.883 ±0.015

0.879 ±0.015

0.881 ±0.015

0.881 ±0.015

0.101 ±0.001

0.149 ±0.001

0.200 ±0.001

0.251 ±0.001

26.0 ±0.5 °

27.2 ±0.5 °

29.5 ±0.5 °

31.6 SO. 5 o

O.500 ±0.0O2

O.5OO ±O.OO2

0.500 ±O.OO2

3.070 ±0.012

3.063 ±0.012

3.065 ±0.012

0.112 ±0.001

0.361 ±0.002

0.649 ±0.003

52.0 ±0.5 °

55.5 ±0.5 °

59.4 ±0.5 o

0.598 ±0.001 3.065 ±0.010 0.226 ±0.001 53.9 ±0.5 °

0.700 ±0.001 3.058 ±0.008 0.216 ±0.001 53.9 ±0.5 °

Q_Z_%_-_I_I_Q_ Inflow with Wake

Point Mach Advance Power Blade

Number Number, M Ratio, J coeff. CP An_le

4

5

5A

5B

6

9

8

7

0.029 ±0.013 0.177 £0.079 0.204 ±0.001 22.2 ±0.5 °

0.200 ±0.003

0.199 ±0.003

0.199 ±0.003

0.199 ±0.003

0.884 ±0.015

0.883 ±0.015

0.881 ±0.015

0.880 ±0.015

0.101 ±0.001

0.151 ±0.001

0.202 ±0.001

0.250 ±0.001

26.0 ±0.5 °

27.4 ±0.5 °

29.7 ±0.5 °

31.6 ±0.5 °

0.500 ±0.002

0.501 ±0.002
0.501 ±0.O02

3.063 ±0.012

3.065 ±0.012

3.067 ±0.012

0.114 ±0.001

0.363 ±0.002

0.650 ±O.0O3

51.9 ±0.5 °

54.9 ±0.5 °

58.4 SO. 5 o

Point Mach Advance Power Blade

Number Number, M Ratio J coeff CP An_le, S

4

5

5A

5B

6

9

8

7

0.022 ±0.013 0.138 ±0.079 0.208 ±0.001

0.201 ±0.003

0.200 ±0.003

0.200 ±0.003

0.199 ±0.003

0.881 ±0.015

0.883 ±0.015

0.882 ±0.015

0.880 ±0.015

0.100 ±0.001

0.152 ±0.001

0.201 ±0.001

0.249 ±0.001

0.500 ±0.002
0.500 ±0.002
0.499 ±0.002

3.068 ±0.012

3.064 ±0.012

3.065 ±0.012

0.109 ±0.001

0.360 ±0.002

0.653 ±0.003

22.2 ±0.5 °

26.0 ±0.5 o

28.2 ±0.5 °

29.8 ±0.5 °

32.3 ±0.5 °

52.3 ±0.5 °
55.5 ±0.5 o
58.5 ±0.5 °

_7



SR7 BLADE - UNSTEADY PRESSURE DATA

PRESSURE TRANSDUCERS (PT'S) WITH USABLE SIGNALS

VERSUS RUN AND POINT NUMBERS

A - ANGULAR INFLOW

W - WAKE INFLOW

U - UNIFORM INFLOW

× - USABLE DATA; ANGULAR AND WAKE

INFLOW DATA CORRECTED FOR RESIDUAL

UNSTEADY REPONSE OF TIlE CORRESPONDING
UNIFO_I INFLOW DATA.

* - USABLE DATA) NO CORRECTION.

POINT 2 3 4 5 5A 5B 6 9 8 7

RUN A 2 3 4 _ 6 7 8 9 10 11

W 20 21 28 23 25 26 29 _0

U 32 33 34 35 36 37 38 39

10 11

12 13

PT 1

2 ** X X X X × X X X XX× XXX ×XX XXX *

3

4

5 • • * XXX XXX XXX XXX XXX XXX *

6 * X X XXX XXX XXX XXX XXX XXX XXX *

7 * * * * * * * *

8 X X X X X X X X X X X X X X X X X X * *

9 X X X X X X X X X X X X *

I0 X X X X X X X X X X X X X X X XX XX X X X X *

11 * X X X X X X X X X X X X X X X X *

12 * X X X X X X X X X X X X X X X X X X X X *

13 X X X X X X X X X X X X X X X X X *

14

15 X X X X X X X X X X X X *

16 X X X X X X X XX X XX X XX X X X XXX *

17

18 * * * * * * * *

19

20 X x x x X X X X X X x x X X X x X X X * *
21 * * * * * * *

22

23 * * * * X X X X X X X X X X X X XX X X X

24 ** * i X X XX X X X X X XX XXX X X X

25 * * * * X X X X X X X X X X.X X X X X X X

26 ** * * XX X XX X X XX XXX X XX X X X

18
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FIGURE 1. - LARGE SCALEADVANCEDPROP-FAN.

FIGURE 2. - SR7 PROPFAN INSTALLAIION IN SI-MA TRANSONIC TEST SECTION (UNIFORM INFLOW).
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FIGURE 3. _ PROPFAN UNSTEADY PRESSURE TEST SETUP.

30 ANGULAR INFLOW

WAKE INFLOW

/CYtIN_R1LR / / I

UNIFORM INFLOW

FIGURE _. - TEST CONFIGURATION FOR _0 ANGULAR, WAKE AND UNIFORM INFLOW.
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SUCTIOfl SIDE PRESSURESIDLE

FIGURE S. - LAP UNSTEADYPRESSUREBLADE.

OUTBOARDSTATION, r/R = 0.91

X : 0.116_ 0.279-, 0.432? r0.565/-0.098 r0.898

-,-r-L_-_\.\ PT 19 18 17 16 15 14" X = q9 0977

[ ] i I 1 ] //;;_'_ X = 48.440"-I...... "_ P, ,_ _ _ 6 ..,_..<.'-.......i
t....... %, ./-_.: ............ I
_ ,.\. ,,/I __._ T_33__-t_

.............. _ ;_"- _ .....................\- .......... .... :ii;: :;/
21 -- \\ ,47 ...... /

\ _ _ x : 3s.sss-
-\'k_-- 0 100 INBOARDSTATION, r/R = 0.64 _ _I

i- ----_ 0.o_9" 0.233o._7 o.soo0.633 o.833 /
___ C 26 25 24 23 22 21 20 -- /

1 L_I l i i i ______L __ /.... LE _--,-- _ ---

1 /i I I I l t /1" -. -- /

7..... PT 78 9 10 11 12 13 ..... t

-I- --- SUCTION / " PRESSURE -L

FIGURE 6. - SR7 UNSTEADY PRESSURE INSTRURENTED BLADE - TRANSDUCER LOCATIONS AND NUMBERING.

21



, .SO0 _ ; S_DIR
_- * .00', "_ / IABS _.OGO wIDI CHANNITi IN

.Oh7 t OO'_ / { / " SKII4 fOR WIRI.
. , / /

slo, __ .._, .. Rou,,N_,

AI)HtSIVI :3''_b;_';_ " "--

" " --_-_--_ $175 i ,00$/ IRANSBUCt t

(INDIVCO Br>ISA) DIAM liOLE IHRU

;_ PIASIIC SKill

_ 0.89 MM (O,O_S iN.) t LEAD /_ ADHESIVE
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ROTATING

POWER SUPPLY _VDC US[ NOOf

_?.7VDC IERO MOI_
'SV_ m_ _

ENofvcoS_NSOR [ "2J

 TYP.oF I I .

lifo VCO CASE (TYP. Of 2)

[ ) GSl KIT .... -VC--O-p-_f-A/_O- -VCO- MIXER/(IYP. Of IG) (IYP. Of IG) LINE DRIVER,q H H P
I

I

L_ ..............

DYNARIC PRE SSDR|

STRAIN GAG[

SIGNAL CONDX BOARD

28 DYNARIC PR[SSUR[ CIRCUITS"

AND q STRAIN GAGE CIRCUITS

PER BOARD

F IGURE 9. - ROTATING DYNN'IIC PRtSSURI INSIRUMENIATION.

_ +3SVDC

t_O-gm---.-o ,SVDC RE TURN

SLIP RING S

MUX

S IGNAL

_SLIP RING 1 (MUX A)
m

SLIP RING 3 (MUX B)

I _ COMMON
_.gm---o GROUND

SLIP RING 2

,,i

o

,i

_o

o.o

WAVEFORM I"[ASUR[D WITH ANGULAR INFLOW

i i

RZIMUTM RNGL[, OEG.

UL

WAVI.FORM @rEASURED WITH WAKE INFLOW

i I I

,l_.o lel.o 2_o.o _,1_. i

RZZrlUTtl ANGLE, O{G.

15.0

Io.0

5.a

-_.a

-_o.O

-z_.o

INVERSE TRANSFOR/q USING )iS HAR#'_)NiCS ANGULAR INFLOW

T 1 T l , r1_ 1 r-, r, _-r, I'l-rt r r t _ I , r I r , • r i , , r,

RZIMUTn A_L_, DIG.

|5,0

tl.O

5.0

i 0.0

-|.o

-IO.0

[50

INVTRSE TRANSFORM USING 35 HARMONICS WAKE INFLOW

RZIr_Uln ANGLE. D_G.

FIGURE I0. - CO#'_ARISON Of MIASURFD AND RE CALCULATED WAVEIORMS Of UNSTEADY BLADE SURFACE PRESSURE.
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0 ° INFLOW ANGLE - WITHOUT CYLINDER

+2.07 1 l
I

n I I
I I

J ...,,,-,.,,._ _. r,_,_!..¢.__ ,I
< o _ VW'" - i ' "_r'_lV_
Z _ L
:E _ I

I I
0 _ I
Z -Z.07 I I

:E o
O

3 ° INFLOW ANGLE - WITHOUT CYLINDER

I.I. +2.07 r
I

'
0 l

I- I, I

< _ _r ,
I

W I

t'Y --Z.07 I I

o
U1
U1
Ld 0 ° INFLOW ANGLE -WITH CYLINDER

+z.o7 1 i 1 i I
CYLINDER POSITION I I

I

1

a.

b/

Q

< g..
J o
m "t,d

-2.07
0

;l
ITOP

I

!

I

M

UNSTEADY PRESSURE 6 O'CLOCK i

BLADE AT 12 O'CLOCK POSITION REVOLUTION

POSITION

O.I

0-_1

i

o.I,

::3
U'I
tn
hi

AMPLITUDE SPECTRUM

I I 1
ONCE PER REV

.j COMPONENT, IP

_a

AMPLITUDE SPECTRUM

-3P

D._I -- --

0.1

0

AMPLITUDE SPECTRUM

" L 1
_-I z 6 8 top

FREQUENCY, HZ

L/00

!,Mn - 0.2. J - 0.883. Cp - 0.250./_3/4 - 32 ° )

FIGURE 11. - TYPICAL WAVEFORRS AND SPECTRA OF LAP UNSTEADY BIRD[ SURFACE PRESSURE REASURERFNTS.

i+0

SR;' BLRDE - UNSIEADY SUAFRCE PRESSURE

UNIFORPIINFLOW. P0[NT NO, e. RUNNO. 38, TRRi_SOUCER16

#40o : O.S J _.064

......... l ......... I I ......... I
0,I 90,I Ill.l I11,1 IIILI

RZIMUTHRNGLI_,ID[G.

FIGIJRI 12. IYPICAI BIA[)I SURfACI PRISSUR[ VARIAIION WIIH AIIRUTHAI

IOCAIION I_IIII"UNIFORIq" INIION.
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.48.4

tSdl.

tOJ

$.0

i

i:
*kO.e

-tSJ

IJJ

iS.0

11.0

z.

4.1

ORiGiN.ki.. PAGE 1'3
roo  AU'rY

PRESSURESIDE AT r/R = 0.6=1 Iqoo " 0.5 J " 3._4

X/C = 0.100

_CUUIII XJ_LOV, POCNI" NO. O. _ NO. 10, nlflJlOU_Jt I

......... u ......... ! ......... i ......... !

X/C " 0.23:5

ZlgS.IV, FODI! leO. 0, gain 141. 18. l181;JgOuCm g

......... ! ......... a ......... ! ......... !

X/C = 0._7

]_IV,, NlCielrNO. iP. ms I. 10, 1_ iO

• --" .... u ......... u ......... 1 ......... in

X/C - 0.500

nHN_ULNXZe'LOV,POI_ N0. l, _ ;e. tO, TIkiVe0U¢_11

......... u ......... u ......... ; ......... u

X/C = O.633

JNDUUIII ZMrL0V, PaDiT le. e* NUN N0, I0, INIHiOUCEN 1|

-|1,0 ......... i ......... u, ,- • ..... i ......... u ......... n ......... u ......... ! ......... a

0.8 lI.I ZW.O IrlqJ.e me .I 8.0 ,m.o Im.o JrPo.O nt4.0

m_._. otc, XJC = 0.8_3 _zzmJn_ram.z, or=,
D_LOV, P0DeT NO. 4, llUN NO. 10. _il 1|

ll.l

l.I

=

o.o

-s.I

......... ! ......... ! ......... i ......... !

e.e w.e lll.e z,'ii .i lllO.i

nZOWl"n mQ.l_, _G.

FIGURE 13. - BLADESURFACEPRESSUREASFUNCTION OF AZIRUTH LOCATION FOR CRUISE CONDITION MITH ANGULARINFLOW.
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• .ill .ll,
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|.O

j I.t
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-III,qP

-II1.1

SUCT|OII SIDE AT r/R - 0.6q

X/( - 0.0_9

gi'L_, Mlllf t. e, _t. It, _H

Moo = .501 J" 3.063

X/C " 0,100

1_lil, li_ tilt. i, ins liD, II, _ n

......... ! ...... -," ! ......... !" .... "" "" !

X/£ - 0.2_3 X/C - O, T_G7

IImQa.I ]_m. POll]dl Ill. O, lira nO. IO. IlUImOUCL_ !11

o.o

......... l ......... l" " " " " .... U "' ........ I t'" " _ ..... '1 " _ " t ..... I ...... " " " I " "" " " " " " " I

llOo loll. 111.0 IU|..... OO lO.O lilt ll,el floe

• .z_qmnl il_i_. ,wG. I_IINVIN IIIIGI.I.NG.

X/C = 0.833

R_ULll _LI_. NI]tl NO. i, I NI, it. _ II

ll,l

l.e

i

It
IL -11.11

-IO,O

o.o m.o m.o i_olp Inudl.t

IL/XmTil llr,l.ll,KG.

FIGURE lq. - BLACESURFACEPRESSUREAS FUNCTION aF AZIMUTH LOCATIOtt FOR CRUISE COI_ITIOII W|TH NIGULAR INFLOW.
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PRESSURE SIDE AT r/R = 0.91 Moo : .501 J = 3.063

X/C - O. 299

IINGULM ]D_'LOV, POZNT NO, I. IIMll NO. ||, 11MNBRICEII 1'

4.0

-LO*O

-II.I

X/C = 0.698

D_.Iv, _ m. II, llml. |go _ $

i.e gIJ II*J ;T_.I _ll.I e,I m.o iIJ Ir_.o mI.D

nlmJ[, Oel. _ nlllU[. On.

X/C = 0.898

]GlelLW. Iq)_ If. O, m m. I0. _ 6

lY,.O

|,0

f.

--g.O

-11,0

0.o

......... i ......... I ......... ! ......... I

m.i Uo.O s'Fe.e mo,e

nZ'DlUI_ lull[, KG.

F[GURE 15. - BLADE SURFACE PRESSURE AS FUNCTION OF AZIMUTH LOCATION FOR CRUISE CONDITION _]TH ANGULAR INFLOW.
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5UCTI_ SIDE AT r/R - 0.91

X/C - 0. 259

_4,1.1v, FCIDff ira. 4. level NO. 10, TllWa_OOt/C(ll no

Moo = .501 J - 3.(_3

X/C = O. 565

_fLOV, FQ]D_ I. O, I m. IO. _ l&

......... ! ......... i ......... i ......... I

0.4 m.i loe.e _,_ .e I .o

IIIZZMI/TU AUGLi[, _G.
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X/C = 0.E98

I_ULM _rUrL0'V. POINT NO. I. RUN NO. ]0. 1R_S_CER 15

s.I,

e.8

-s.o

......... I ......... I ......... l ......... !

e.o ,m.ID ii.e _m.e aw.e

AZZ/IUllq lll4G_.l(. O_C.

FIGURE 16. - BLADE SURFACE PRESSURE AS FUNCTION OF AEIPIUI'H LOCATION FOR CRUIS_ CONDITION MITH ANGULAA INFLOW.
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FIGIEE 17. - BLADESUEFACEPRESSUREAS FUNCTIO_IOF AZIMUTH LOCATIONFOR CRUISE COflDITIOII Willt WAKE INFLOW,
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